In 1992, two groups independently reported a new doubly spliced mRNA which potentially encodes for two viral proteins 1;2 . The first one shares the Env/Tax AUG and encodes for the nuclear/nucleolar p30 3 . The second potentially initiates in frame through an internal methionine codon. This shorter protein, p13, represents the carboxy-terminal 87 amino acids of p30 and localizes in the mitochondria 4;5 . Whether p30 and p13 are indeed translated from the same doubly spliced mRNA is uncertain. To date, only indirect evidence of p30 protein expression in patients infected with HTLV-I exists. However, this is also true for most other viral proteins, including Tax and Rex, and this possibly reflects the latent state of the virus in vivo. p30-encoded mRNAs can be readily detected in HTLV-I-infected cell lines in vitro and in some freshly isolated samples from HTLV-1-infected subjects, and ATL and HAM/TSP patients 6;7 . Antibodies directed to p30 and cytotoxic T cells that recognize peptides from p30 have been found in HAM/TSP patients and HTLV-1 carriers 8;9 . p30 is dispensable for T-cell immortalization in vitro but is required for efficient viral propagation in vivo [10] [11] [12] [13] [14] . p30 is a 241 amino acid protein (Figure 1 ). The protein does not share any significant homology with known human proteins, but its composition is unusual with 23% Ser and 12% Arg residues. p30 is exceptionally basic with a theoretical isoelectric point (pI) of 11.71 and the net positive charge may support tight interactions between p30 and nucleic acids. Heterokaryon assays demonstrated that in the absence of other viral components, p30 is a non-shuttling protein.
which p30 prevents HTLV-I expression is not fully understood, but it may result from inhibition of Tax-mediated LTR activation 20;21 along with interaction and nuclear retention of the tax/ rex mRNA 22 .
The role of p30 in the virus life cycle: Rex and p30 interplay
HTLV-I replication relies on the viral Tax and Rex proteins. Tax stimulates transcription through three 21-bp repeat elements localized in the U3 region of the provirus long terminal repeats (LTRs)23 ; 24. Rex is an RNA-binding post-transcriptional regulator that binds specifically to the Rex-response element (RxRE) present at the 3′-end of all viral mRNA. Rex possesses a nuclear export signal (NES), which allows it to selectively export the unspliced (gag/pol) and incompletely spliced (env) viral mRNA from the nucleus to the cytoplasm. In contrast, expression of p30 blocks the nuclear export of tax/rex mRNA to the cytoplasm, resulting in down-regulation of both positive regulators Tax and Rex and suppression of virus replication 25 . These results were subsequently confirmed using the HTLV-II homolog p28 protein 26 . Interestingly, p28 was also found to be required for HTLV-II infection in vivo 27 . The fact that the inhibitory function of p28 and p30 is conserved in both HTLV-I and HTLV-II emphasizes its importance and suggests a common pathway for modulation of replication by these two distinct but related retroviruses. Little is known about the molecular mechanisms used by p30 or p28 to suppress nuclear export of the tax/rex mRNA. Recent studies have shown that nucleolar expression of p30 is not required, inasmuch as p30-9RA, a p30 mutant lacking both nucleolar retention signals 28 , retains post-transcriptional inhibition comparable to that of the wild type p30 29 . Additional studies have shed light on the mechanism used by the virus to discriminate between viral mRNAs that are p30 responsive (tax/rex) and those that are Rex responsive (gag/pol and env). p30 specifically forms complexes with Rex and p30-Rex interactions are markedly increased by the presence of viral mRNAs. RNAse treatment destabilizes p30-Rex complexes, suggesting that RNA is part of the complex and is required to maintain a strong interaction between p30 and Rex 30 . p30 was found to interact with the RNA-binding domain of Rex and binding of p30 to Rex prevents the latter from interacting with its RxRE and stimulating nuclear export. In addition, p30 efficiently interacts with Rex only when p30 is bound onto RNA. Since p30 could interact with tax/rex but not gag/pol or env mRNA, these data explain that p30 is able to prevent tax/rex nuclear export but has little or no effect on other viral mRNAs 31 (Figure 2 ). Although it is critical for HTLV-I to reduce its expression to evade immune detection and clearance, complete or "true" latency would not benefit the virus, which in early stages needs some Tax expression to alter cell cycle checkpoints, alter DNA repair, and extend the lifespan of infected cells, thus facilitating transformation. In agreement with such a model, studies show that Rex permits export of residual p30-bound tax/rex mRNA and authorizes a low level of virus expression 32 . Although it is unclear how Rex may oppose p30 function, Rex may recruit a limiting cellular factor and induce a conformational change in p30 or in the local RNA structure releasing p30 from its p30RE and allowing export of some tax/rex mRNA to the cytoplasm.
p30 affects transcription and nuclear export of cellular genes
In addition to its post-transcriptional functions, p30 has been reported to have transcriptional activities. When fused to the Gal4 DNA-binding domain, p30 shows strong transcriptional activation and the transcriptional activation domain was found to reside between amino acids 62 and 220. Further study suggested that CBP/p300 was indispensable for p30-mediated transactivation. Additional studies showed that p30 repressed the cellular CREB-responsive element-driven reporter gene activity in a dose-dependent manner. When expressed at low levels, p30 was shown to activate the HTLV-I LTR reporter gene. However, at high levels, p30 repressed the LTR reporter activity. Glutathione-S-transferase pull-down assays demonstrated that in vitro translated p30 interacts with amino-acid residues 1-595 of GST-p300 and residues 451-682 of GST-CBP, which comprise the kinase-inducible exchange domain of CBP also known to bind to CREB and Tax. Furthermore, p30 can also disrupt the assembly of the CREB-Tax-p300 complex on TRE probes in the DNA pull-down assay. Taken together, these data suggest that p30 might decrease transcription of the viral genome, thereby facilitating viral latency.
Affymetrix microarray gene expression analyses of Jurkat cells stably transduced with a lentiviral vector expressing p30 indicate that p30 represses many cellular genes, particularly adhesion molecules, such as integrins and cadherins, but increases the expression of certain target genes involved in T-cell activation and apoptosis 33 . Whether these effects are transcriptional or post-transcriptional were unclear from these studies. Recently, genome wide affymetrix microarray gene expression analyses of transduced human T-cells confirmed that p30 affects a number of cellular genes at the transcriptional and post transcriptional levels 34 . p30-dependent transcription resulted in the 2.5 fold up-regulation of 15 genes and the downregulation of 65 human genes. In differential analyses of mRNA expression in the cytoplasmic fraction versus total RNA, p30 expression was found to result in a 2.5 fold post-transcriptional down-regulation of 90 genes and the up-regulation of 33 genes 34 . These data indicate a global effect of p30 on numerous genes in infected cells, suggesting that p30 is involved in more than just virus replication control. Until now, no consistent DNA response element has been reported, so the function of p30 in transcription of cellular genes remains to be determined.
p30 as a modulator of host innate immune responses
The host immune system detects and responds to microbial infection mainly through a family of pattern recognition receptors called Toll-like receptors (TLRs). TLR4 is essential for dendritic cell maturation and links the innate and adaptive immune responses. HTLV-I-infected ATL patients have pronounced immunodeficiency associated with frequent opportunistic infections. Importantly, concurrent infections of HTLV-I with bacteria and/or parasites are known to increase the risk of progression to ATL. Interaction between p30 and PU.1 was initially found in a Yeast Two-hybrid Screen 35 . Further studies confirmed interactions in human cells. p30 interacts with the ets-domain of PU. 1 and inhibits the DNA binding and transcription activity of PU.1, resulting in the down-regulation of TLR4 expression from the cell surface 36 . In addition, since PU.1 autoregulates expression from its own promoter, decreased PU.1 transcriptional activity effectively reduces endogenous PU.1 expression. Finally, p30-mediated inhibition of GSK3-β potently suppresses the production of proinflammatory cytokines (MCP-1, TNF-α, and IL-8), while concurrently augmenting production of the anti-inflammatory cytokine IL-10 following stimulation of TLR4 in human macrophages 37 . This finding is of interest because 80% of ATL patients have high levels of IL-10 in serum. Interference of TLR4 signaling by p30 and reduction of released amounts of pro-inflammatory cytokine IL-10 may impair the ability of dendritic cells to activate adaptive immunity in ATL patients and thereby explain the limited proliferation of virus-specific CTL reported in ATL patients.
Functions of p30 in HTLV-I-associated leukemia
p30 has been reported to recruit the co-activator Tat-interacting protein 60 (TIP60) and promote the formation of the Myc/TIP60 transcription complex on the Myc-response E-box element and transactivate transcription 38 . Due to the importance of Myc as a proto-oncogene in many solid tumors and hematological malignancies, especially in leukemia/lymphoma, p30 may contribute to the transformation of the HTLV-1-infected cell. In fact, p30 has been shown to modulate expression of cellular genes involved in the cell cycles and apoptosis33 ; 34 ; 39, two pathways often linked to cancer. Two recent studies have shown that p30 expression results in alteration of the cell cycle events that would promote early viral spread and T cell survival. Indeed, it has been shown that p30 activates the G2-M cell cycle checkpoints by increasing or decreasing the phosphorylation states of the G2/M checkpoints.
Recent evidence indicates that graded reduction in the expression of PU.1 in CD34+ derived bone marrow stem cells led to an intermediate stage of a poorly differentiated pre-leukemic cell population, which, with the accumulation of additional genetic mutations, resulted in an aggressive form of acute myeloid leukemia (AML)40. Along these lines, it has been shown that HTLV-I can infect and replicate in bone marrow derived undifferentiated CD34+ stem cells41. Using microRNA profiling, a recent study suggests that ATL cells may derive from a population of undifferentiated hematopoeitic stem cells (HSC)42. It is possible that p30 expression in HSC progenitors favors the development of pre-leukemic clones that may reinitiate their differentiation program as they acquire additional mutations and culminate to CD4+CD25+ leukemic clones. Future studies will likely reveal more surprises about this intriguing protein. Life cycle of HTLV-1 virus and related regulatory proteins. Four regulatory phases control the life cycle of HTLV-1 virus: 1) Tax and Rex are produced first from completely spliced mRNA, no other viral proteins are co-produced at this time. 2) Tax trans-activates LTR promoter to generate viral RNAs which are completely spliced. 3) Sufficient amount of Rex protein is accumulated, inhibit splicing and export non-spliced mRNA to the cytoplasm to form the viral particles. 4) p30 is expressed from an alternatively spliced mRNA; p30 interferes with Tax function and binds to and retains tax/rex mRNA in the nucleus leading to viral repression.
